Introduction
Anterior pituitary develops from the oral ectoderm in contact with the adjacent hypothalamus progenitor. Although interaction between hypothalamus and oral ectoderm is supposed to play a crucial role in this process, the underlying mechanisms are not fully understood. This process includes a complex cascade of transcription factors and signaling molecules regulated by various growth/ differentiation factors (1, 2) , including bone morphogenetic protein 4 (BMP4), sonic hedgehog (SHH), fibroblast growth factors (FGFs) 8 and 10, and Wnt5a. Congenital hypopituitarism is a multifactorial disorder that is usually associated with pituitary hypoplasia (3) . So far, genetic studies in individuals with congenital hypopituitarism have revealed pathogenic mutations mainly in the genes encoding transcription factors, including POU1F1, PROP1, HESX1, LHX3, LHX4, OTX2, GLI2, SOX2, and SOX3 (4). These mutations demonstrate solely pituitary hormonal defects or syndromic pituitary hypoplasia generally involved in midline structural abnormalities. Knockout mouse studies of these genes have demonstrated their roles in pituitary development; however, phenotypes of knockout mice were not necessarily identical to that of humans with deleterious mutations in the same gene (5, 6) . Especially in humans, the precise underlying mechanisms remain largely unknown, owing to the lack of a human pituitary developmental model.
Orthodenticle homeobox 2 (OTX2) plays an important role in the development of forebrain, eye, and pituitary (7) (8) (9) . OTX2 mutations cause congenital pituitary hypoplasia (CPH) and hypopituitarism with a variable severity (10, 11) . In addition, eye malformation, such as anophthalmia and microphthalmia, is often observed (12) . It has been shown that OTX2 is expressed in both oral ectoderm and hypothalamus (13) . OTX2 protein binds to the promoters of HESX1 and POU1F1, which are expressed in oral ectoderm and required for pituitary development, and directly upregulates their expression (11, 12, 14) , suggesting the role of OTX2 expressed in the oral ectoderm. On the other hand, it has been shown that not oral ectoderm-specific but hypothalamus-specific Otx2-deficient mice exhibited impaired anterior pituitary development, suggesting that the OTX2 expressed in the hypothalamus plays an important role in pituitary development (15, 16) ; however, the precise underlying mechanisms, especially in humans, remain unclear.
Pituitary develops from oral ectoderm in contact with adjacent ventral hypothalamus. Impairment in this process results in congenital pituitary hypoplasia (CPH); however, there have been no human disease models for CPH thus far, prohibiting the elucidation of the underlying mechanisms. In this study, we established a disease model of CPH using patient-derived induced pluripotent stem cells (iPSCs) and 3D organoid technique, in which oral ectoderm and hypothalamus develop simultaneously. Interestingly, patient iPSCs with a heterozygous mutation in the orthodenticle homeobox 2 (OTX2) gene showed increased apoptosis in the pituitary progenitor cells, and the differentiation into pituitary hormone-producing cells was severely impaired. As an underlying mechanism, OTX2 in hypothalamus, not in oral ectoderm, was essential for progenitor cell maintenance by regulating LHX3 expression in oral ectoderm via FGF10 expression in the hypothalamus. Convincingly, the phenotype was reversed by the correction of the mutation, and the haploinsufficiency of OTX2 in control iPSCs revealed a similar phenotype, demonstrating that this mutation was responsible. Thus, we established an iPSC-based congenital pituitary disease model, which recapitulated interaction between hypothalamus and oral ectoderm and demonstrated the essential role of hypothalamic OTX2. Congenital pituitary hypoplasia model demonstrates hypothalamic OTX2 regulation of pituitary progenitor cells Ryusaku Matsumoto, 1, 2, 3 Hidetaka Suga, 4 Takashi Aoi, 2, 3 Hironori Bando, 1 Hidenori Fukuoka, 5 Genzo Iguchi, 5, 6, 7 Satoshi Narumi, 8, 9 Tomonobu Hasegawa, 9 Keiko Muguruma, 10, 11 Wataru Ogawa, 1 and Yutaka Takahashi 1 did not show any apparent malformation in the eyes or brain. She exhibited growth retardation soon after birth, suggesting the presence of congenital growth hormone (GH) deficiency. At the age of 3 years, she was diagnosed with pan-hypopituitarism associated with pituitary hypoplasia. She was treated with pituitary hormone replacement therapy, including hydrocortisone, thyroxine, GH, and Kaufmann's treatment. MRI of pituitary exhibited a severely hypomorphic pituitary ( Figure 1A ). The provocative test for anterior pituitary hormones revealed the presence of pan-hypopituitarism (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI127378DS1). Exome sequencing analysis of genomic DNA revealed a heterozygous variant (p.R127W; NCBI NP_068374) in OTX2 ( Figure 1B) , and no other mutations were found in the known genes associated with pituitary hypoplasia. The variant was present in none of the mutation/polymorphism databases we searched, including the Human Gene Mutation Database, the Genome Aggregation Database (gnomAD), 1000 Genomes Projects, and dbSNP147 (NCBI). The Arg127 residue is evolutionarily conserved among the vertebrates. This variant was located in the nuclear retention signal (7) , which is a hot spot for the mutations (refs. 10, 24, and Figure  1C ), suggesting that this mutation is responsible for the disease and nuclear translocation of the mutant OTX2 may be impaired. Indeed, in contrast to wild-type OTX2, which localized in the nucleus, R127W-OTX2 showed impairment of nuclear translocation that is essential for the function of transcription factors Human induced pluripotent stem cells (iPSCs) are promising tools for studying the process of human organ development and its disorders (17) . Thus far, various organs have been induced from iPSCs in vitro, and disease models for genetic disorders have been successfully created (18) . Recently, in vitro differentiation of anterior pituitary from pluripotent stem cells has been established. Studer et al. reported a 2-dimensional culture method in which functional anterior pituitary cells were induced with high efficiency in a short period (19, 20) . Suga et al. reported a 3-dimensional method (21, 22) . This method allowed induction of both the oral ectoderm and hypothalamus progenitor simultaneously and recapitulates the interaction between these tissues in vitro, which leads to anterior pituitary self-organization (23) . This method is considered more suitable for analysis of the pathogenesis of the disease involved in the impairment of interaction between the hypothalamus and pituitary. Nevertheless, there have been no reports on disease models of human pituitary disorders. Here, we established a disease model of CPH using patient-derived iPSCs, which helped to reveal the role of hypothalamic OTX2 and the underlying mechanisms in pituitary development.
Results
Patient with CPH harbors OTX2 mutation. A 23-year-old woman was referred to our hospital for endocrinological examinations. She was born from healthy non-consanguineous parents at gestational age 41 weeks after an uneventful pregnancy and delivery. She The inside of the aggregates corresponded to the hypothalamus progenitor (RX + and NKX2.1 + ). The outside layer of the aggregates, indicated by dashed lines, corresponded to the oral ectoderm, which is the pituitary origin (PITX1 + and E-cadherin + ). (C) Immunostaining of the cell aggregates at day 100. Control-iPSCs differentiated into ACTH-and GH-producing cells. OTX2 mut -iPSCs did not show pituitary hormone-producing cells. (D and E) Secretion of pituitary hormones into the culture medium. Representative data from 3 independent experiments are shown. Control-iPSCs secreted a substantial amount of ACTH (D) or GH (E) and responded to CRH or GHRH stimulation, respectively. In contrast, OTX2 mut -iPSCs showed scant secretion of ACTH and GH with or without the stimulation. The line within the box indicates the median, the edge of the box represents the first and third quartiles, and the whiskers are the range of data; n = 3 per group. *P < 0.05, Kruskal-Wallis test (ACTH without CRH, χ 2 = 13.7, degrees of freedom [df] = 5, P = 0.02; ACTH with CRH, χ 2 =12.8, df = 5, P =0.03; GH without GHRH, χ 2 = 15.3, df = 5, P < 0.01; GH with GHRH, χ 2 = 14.6, df = 5, P = 0.01) followed by post hoc Shirley-Williams test. Post hoc comparison with control-iPSCs no. 1 (far left) is presented. O, oral ectoderm; H, hypothalamus progenitor. Scale bars without numbers: 100 μm. jci.org staining clearly demonstrated a lack of LHX3 expression in the oral ectoderm layer derived from OTX2 mut -iPSCs ( Figure 3C and Supplemental Figure 2C ). In addition, the thickness of oral ectoderm was obviously decreased ( Figure 3C and Supplemental Figure 2C). These data indicated that the induction of pituitary progenitor cells (LHX3 + ) from oral ectoderm (PITX1 + , E-cadherin + ) was impaired in OTX2 mut -iPSCs.
It has been previously reported that mutations in LHX3 cause pituitary hypoplasia with variable severity of pituitary dysfunction, from isolated GH deficiency to combined pituitary hormone deficiency (26) . LHX3 plays an essential role in the cell expansion of pituitary progenitor cells, and Lhx3-knockout mice exhibited enhanced apoptosis in the pituitary progenitor cells (6, 27, 28) . We then analyzed cell proliferation and apoptotic markers. Similar to the results from Lhx3-knockout mice, although the number of Ki-67 + cells was not different (Figure 3 , D and E), the number of apoptotic cells defined as cleaved caspase-3-positive cells was significantly increased in OTX2 mut -iPSCs compared with control-iPSCs ( Figure 3 , F and G). Taken together, these data suggested that impaired expression of LHX3 caused enhanced apoptosis in the pituitary progenitor cells and resulted in impaired pituitary development in OTX2 mut -iPSCs. Also, the phenotype of the patient can be explained by the decreased expression in LHX3.
It has been reported that the promoter region of OTX2 possesses OTX2-binding consensus sites, suggesting the presence of auto-positive feedback (29, 30) . To further understand the mechanisms, we examined OTX2 mRNA expression level. Quantitative RT-PCR demonstrated that the OTX2 expression level decreased in OTX2 mut -iPSCs (Supplemental Figure 3A ), suggesting auto-positive feedback of OTX2 and that the loss-of-function mutation also affected the OTX2 expression.
Because all 3 control-iPSC lines and 3 OTX2 mut -iPSC lines consistently demonstrated similar phenotypes (Supplemental Figure 2 , C and D, and Supplemental Figure 3 , B and C), we mainly used control-iPSC line no. 1 and OTX2 mut -iPSC line no. 1 for subsequent experiments.
Impaired function of hypothalamic OTX2 was responsible for LHX3 expression. It has been previously reported that OTX2 is expressed in both oral ectoderm and hypothalamus during mouse development (13) . Indeed, OTX2 was expressed in both oral ectoderm (outer layer) and hypothalamus (inside the aggregates) in the iPSC-derived tissue (Supplemental Figure 4A ). Interestingly, OTX2 localized almost exclusively in the nucleus in control-iPSCs; however, it localized also in cytosol in OTX2 mut -iPSCs (Supplemental Figure 4A ). It has also been reported that OTX2 expression in hypothalamus is required for anterior pituitary development (15) and that some patients with OTX2 mutation demonstrated a deficiency in both anterior and posterior pituitary lobes (31) . To evaluate OTX2 expression in oral ectoderm and hypothalamus in the organoid tissues, we separated the cells in oral ectoderm and hypothalamus by FACS using anti-E-cadherin (oral ectoderm marker) antibody ( Figure 4A and Supplemental Figure 4 , B and C) and performed quantitative RT-PCR for OTX2. The expression level of OTX2 was obviously predominant in hypothalamus compared with oral ectoderm ( Figure 4B ). These data suggested that hypothalamic OTX2 might play a pivotal role in anterior pituitary development.
( Figure 1 , D and E). Because it has been previously reported that mutations in OTX2 are associated with pituitary hypoplasia, these data strongly suggested that this variant was a disease-causing mutation. We then explored the detailed underlying mechanisms using patient-derived iPSCs.
Patient-derived iPSCs showed impaired differentiation into pituitary. To establish patient-derived iPSCs, peripheral leukocytes of the patient were reprogrammed using episomal vectors as previously described (25) . We established 3 iPSC lines (OTX2 mut -iPSCs no. 1-3), and all of them showed embryonic stem cell-like morphology ( Figure 2A ) with normal karyotypes (Supplemental Figure  1A ) and retained the mutation in OTX2 (Supplemental Figure 1B) . These cells expressed undifferentiated markers (Figure 2A and Supplemental Figure 1 , C and D) and were able to differentiate into 3 germ layers in vitro (Supplemental Figure 1 , E-G), indicating that these cells were pluripotent.
We then compared the ability of the 3 lines of OTX2 mut -iP-SCs (no. 1-3) versus 3 lines of healthy control-derived iPSC lines (control-iPSCs no. 1-3) to differentiate into the pituitary using a 3D organoid culture method, in which the oral ectoderm and hypothalamus simultaneously developed in vitro as previously described (Supplemental Figure 2 , A and B, and ref. 22) . In this method, inside of the cell, aggregates differentiate into the hypothalamic progenitor, and the outer layer of the aggregates differentiate into the oral ectoderm that develops to anterior pituitary. At day 40, immunostaining showed that both control-and OTX2 mut -iPSCs expressed the hypothalamic markers RX and NKX2.1 and the oral ectoderm markers PITX1 and E-cadherin in a similar fashion ( Figure 2B ). The other 2 lines demonstrated similar results (Supplemental Figure 2C) , indicating that the initial step of differentiation into pituitary was followed by both control-iPSCs and OTX2 mut -iPSCs in a similar fashion. After long-term culture for 100 days, control-iPSCs differentiated into adrenocorticotropic hormone-producing (ACTH-producing) and GH-producing cells ( Figure 2C and Supplemental Figure 2D ), consistent with a previous report (22) ; however, OTX2 mut -iPSCs did not give rise to these hormone-producing cells ( Figure 2C and Supplemental Figure  2D ). We further examined the ability to secrete hormones and the response to releasing of hormones (corticotropin-releasing hormone [CRH] and growth hormone-releasing hormone [GHRH]). Control-iPSC-derived cell aggregates secreted ACTH and GH in the basal status and responded to CRH and GHRH ( Figure 2 , D and E). However, in line with the results of immunostaining, ACTH and GH concentrations in the media were significantly lower in OTX2 mut -iPSC-derived than in control-iPSC-derived tissues, and responsiveness to the releasing hormones was also significantly impaired ( Figure 2 , D and E). These results clearly demonstrated that the ability of OTX2 mut -iPSCs to differentiate into the anterior pituitary was severely impaired.
To investigate the precise underlying mechanisms and which process was disrupted, we performed quantitative reverse transcriptase PCR (RT-PCR) for representative markers of the developmental process ( Figure 3A ) using mRNA extracted from the aggregates at days 0, 20, and 40. Although there were no obvious differences in the expression of HESX1, SIX1, and PITX1, the expression of LHX3 was significantly decreased in OTX2 mut -iPSCs ( Figure 3B ). In line with the results of mRNA analysis, immunojci.org To clarify which OTX2 expressed in the oral ectoderm or the hypothalamus plays an essential role in the development of pituitary, we performed a chimera formation experiment using controland OTX2 mut -iPSCs. We cocultured GFP-labeled control-iPSCs ( Figure 4C and Supplemental Figure 5 , A-C) and OTX2 mut -iPSCs, and induced differentiation ( Figure 4C ). These culture conditions successfully developed the pituitary and hypothalamus with a mosaic formation ( Figure 4C and Supplemental Figure 5D ). Interestingly, when the OTX2 mut -iPSC-derived oral ectoderm coupled with control-iPSC-derived hypothalamus, LHX3 expression was restored in OTX2 mut -iPSCs ( Figure 4D and Supplemental Figure 5E). In contrast, when coupled with OTX2 mut -iPSC-derived hypothalamus, even control-iPSC-derived oral ectoderm showed diminished LHX3 expression, clearly indicating that hypothalamic OTX2 is essential for the LHX3 expression in the oral ectoderm ( Figure 4D ). These data indicated that control-iPSC-derived hypothalamus rescued LHX3 expression in OTX2 mut -iPSC-derived oral ectoderm, suggesting that some factors present in hypothalamus required for the differentiation of pituitary progenitor cells might be absent in OTX2 mut -iPSC-derived tissue.
Roles of FGFs from hypothalamus in pituitary development. During pituitary development, several growth/differentiation factors, including BMP4, FGF8, FGF10, SHH, and WNT5a, from surrounding tissues including hypothalamus play an essential role (32) . Among them, close interaction between OTX2 and FGF has been reported previously. Otx2 regulates Fgf expression and plays an important role in early brain regionalization (33, 34) . On the other hand, inhibition of FGF signaling upregulates OTX2 expression in human embryonic stem (ES) cells (35) . In addition, hypothalamic Shh and Fgf signaling is required for the cell specification of Lhx3 + pituitary progenitor cells (36, 37) . Therefore, we explored whether these signals were altered in OTX2 mut -iPSCs, especially focusing on FGF and SHH signals. We evaluated these signals by immunostaining for FGF8, FGF10, SHH, and GLI1 and quantitative RT-PCR for ID1 (a readout of BMP signal), FGF8, FGF10, SHH, GLI1, GLI2 (readouts of SHH signal), and AXIN2 (a readout of WNT signal) in control-and OTX2 mut -iPSCs. Whereas expression levels of ID1, SHH, GLI1, GLI2, and AXIN2 were not significantly different between control-and OTX2 mut -iPSCs (Supplemental Figure 6 , A and B), expression of both FGF8 and FGF10 significantly decreased in OTX2 mut -iPSCs ( Figure 4 , E and F, and Supplemental Figure 3D ). In addition, FGF8 and FGF10 were expressed predominantly in hypothalamus compared with oral ectoderm (Supplemental Figure  7A ), suggesting the importance of the expression in hypothalamus.
To investigate the role of FGFs in this pituitary developmental model, we treated control-iPSCs with FGF receptor inhibitor (PD-173074). Inhibition of FGF signaling using PD-173074 significantly decreased LHX3 expression in the oral ectoderm derived from control-iPSCs at the mRNA (Supplemental Figure 7B ) and protein levels (Supplemental Figure 7C ). In addition, induction into pituitary hormone-producing cells was disrupted by PD-173074 treatment (Supplemental Figure 7D ). To clarify which FGF plays an essential role in this process, we performed a rescue experiment. Addition of recombinant FGF8 into the culture media did not rescue the LHX3 expression ( Figure 4G) , although FGF8 increased the thickness of oral ectoderm ( Figure 4H and Supplemental Figure 7E ). However, in contrast to FGF8, addition of recombinant FGF10 clearly restored the LHX3 expression in the oral ectoderm derived from OTX2 mut -iPSCs at the mRNA ( Figure 4G ) and protein levels ( Figure 4H ). Compatible with these results, FGF10 immunostaining of chimeric aggregates demonstrated that FGF10 was mainly expressed in the control-iPSC-derived hypothalamus region (GFP + ) (Supplemental Figure 7F) , supporting the hypothesis that FGF10 expressed in GFP + control-iPSC-derived hypothalamus rescued the LHX3 expression in OTX2 mut -iPSCs. Taken together, these results indicated that OTX2-dependent expression of FGF10 in hypothalamus plays an essential role in LHX3 expression in the pituitary progenitor cells.
CRISPR/Cas9-based gene correction of the mutation in OTX2 and deletion of OTX2. To verify that the mutation in OTX2 was responsible for the impaired phenotype of iPSCs and for the disease pathogenesis, we repaired the mutation in OTX2 using CRIS-PR/Cas9 genome editing in OTX2 mut -iPSCs (Supplemental Figure  8A ). Two established cell lines (no. 1 and no. 2) retained ES celllike morphology (Supplemental Figure 8B) . We then characterized the ability of these cells to differentiate into pituitary. Compared with the parental OTX2 mut -iPSCs, OTX2 mut -repaired-iPSCs demonstrated a restoration of LHX3 expression during the pituitary differentiation ( Figure 5, A and B) . The expression of FGF8, FGF10, and OTX2 ( Figure 5C and Supplemental Figure 8 , C, E, and F) was increased. The number of apoptotic cells in oral ectoderm were significantly decreased by the correction (Supplemental Figure  8D ). Furthermore, production of ACTH and GH was also restored ( Figure 5D ), and OTX2 mut -repaired-iPSCs showed a response to the releasing hormones (CRH and GHRH) ( Figure 5 , E and F), demonstrating an ability to differentiate into the pituitary similar to that of control-iPSCs. These results clearly indicated that the mutation in OTX2 was responsible for the impaired pituitary development. Immunostaining of OTX2 mut -and OTX2 mut -repaired-iPSCs. OTX2 mut -repaired-iPSCs restored LHX3 expression in oral ectoderm (indicated with dashed lines) (at day 40). (C) FGF10 expression in the hypothalamus was restored in OTX2 mut -repaired-iPSCs (at day 40). (D) The induction of ACTH-and GH-producing cells was restored in OTX2 mut -repaired-iPSCs (at day 100). (E and F) The ability to secrete hormones and the response to releasing hormones were restored in OTX2 mut -repaired-iPSCs at day 100. Representative data from 4 independent experiments are shown. The line within the box indicates the median, the edge of the box represents the first and third quartiles, and the whiskers are the range of data excluding outliers; n = 7 per group for ACTH, n = 4 per group for GH;. *P < 0.05, **P < 0.01, Kruskal-Wallis test (ACTH without CRH, χ 2 = 15.0, df = 2, P < 0.001; ACTH with CRH, χ 2 = 14.0, df = 2, P < 0.001; GH without GHRH, χ 2 = 8.34, df = 2, P = 0.015; GH with GHRH, χ 2 = 7.54, df = 2, P = 0.023) followed by post hoc Steel's test. Post hoc comparison with OTX2 mut -iP-SCs (far left) is presented. O, oral ectoderm; H, hypothalamus progenitor. Scale bars: 100 μm. jci.org in pituitary progenitor cells ( Figure 6F ). Furthermore, we showed that mutation in OTX2 was responsible for the occurrence of CPH using mutation-repaired patient-derived iPSCs. In some patients with OTX2 mutation, eye and craniofacial defects are observed with pituitary defect (4) . These data suggest that the pituitary defect may be attributable not to intrinsic defect but to structural defect including hypothalamus. However, our results suggested that the OTX2/ FGF10/LHX3 pathway also plays an important role in pituitary development, although the pituitary hypoplasia in the patient might be attributable in part to a secondary effect of structural defect.
In this study, we showed that the model for CPH based on patient-derived iPSCs is useful for analyzing the underlying mechanisms of the disease. This method enabled in vitro pituitary and hypothalamus self-organization along with essential interaction of these tissues, which recapitulates pituitary developmental process. Although many knockout mouse models have been previously used for understanding pathogenesis (5), there have been substantial species differences in terms of mode of inheritance and phenotypes (6) , and sometimes it is difficult to elucidate the detailed mechanisms. During genetic analyses in humans, most of the patients do not reveal any plausible mutations (4), and even if the candidate gene variant is identified, it would be difficult to prove that the mutation was responsible for the disease in many cases (38) . In addition, many CPH patients demonstrate sporadic onset, low penetration, and variable phenotypes with the same mutation. Although polygenic inheritance may explain its pathogenesis (39, 40) , as has been previously shown in Kallman syndrome (41) , it would be difficult to prove the precise pathogenesis. Our model using patient-derived iPSCs has several advantages. First, patient-derived iPSCs maintain all the gene variants, and theoretically, it is possible to prove which variant is responsible. Second, it is easy to identify which step in the pituitary development process is impaired and to intervene during the differentiation process to clarify the underlying mechanisms. Third, the hypothalamic-pituitary interaction during the development process that is essential for pituitary organogenesis can be recapitulated using this method. Finally, there are no species differences when analyzing a human disease. In this regard, an in vitro pituitary differentiation model based on patient-derived iPSCs is a promising tool in this field.
Interaction between oral ectoderm and hypothalamus progenitor is essential for embryonic pituitary development (32) . In particular, factors from hypothalamus and surrounding tissues including BMP4, SHH, FGF8, FGF10, and WNT5a play a pivotal role (36, 37, 42) . For example, it has been reported that SHH, FGF8, and FGF10 from hypothalamus synergistically upregulate LHX3 expression in the pituitary progenitor (37) . Previously, it has been reported that neural ectoderm-specific deletion of Otx2 delays anterior pituitary development because of impaired cell proliferation, and it was speculated that decreased expression of Fgf10 might play an important role (15) ; however, the precise underlying mechanisms have not been clarified. In this study, we demonstrated that hypothalamic OTX2 mediates oral ectodermal LHX3 expression, in part by regulating hypothalamic FGF10, which is required for pituitary progenitor cell maintenance. These data are compatible with the reports that Fgf10-deficient mice showed pituitary hypoplasia (43) , that mice deficient in Fgf receptor 2 IIIb (receptor of Fgf10) exhibited a severe defect of the pituitary gland (44) , and that Lhx3-deficient Lastly, to investigate whether haploinsufficiency of OTX2 actually causes pituitary hypoplasia, we performed heterozygous and homozygous deletion of OTX2 in control-iPSCs no. 1 using CRISPR/Cas9 genome editing (Supplemental Figure  9A ). We named established heterozygous and homozygous OTX2-knockout cells OTX2 WT/insFS -iPSCs and OTX2 delFS/insFS -iP-SCs, respectively ( Figure 6A ). These lines retained normal morphology of iPSCs (Supplemental Figure 9B ) and comparable expression of the undifferentiated markers OCT4 and NANOG with the parental iPSCs (Supplemental Figure 9C) . Immunoblotting analysis demonstrated a gene dosage-dependent OTX2 protein expression in the differentiated OTX2 WT/insFS -and OTX2 delFS/insFS -iPSCs (Supplemental Figure 9D) . We then characterized the ability of OTX2 WT/insFS -and OTX2 delFS/insFS -iPSCs to differentiate into the pituitary. Both OTX2 WT/insFS -and OTX-2 delFS/insFS -iPSCs exhibited impaired ability to differentiate, and expression of LHX3, OTX2, RX, FGF8, and FGF10 was significantly decreased ( Figure 6B and Supplemental Figure 10 , A-C). Immunostaining also demonstrated reduced expression of LHX3 ( Figure 6C ) and increased abundance of apoptotic cells in the oral ectoderm ( Figure 6D and Supplemental Figure 10D ), and decreased expression of FGF10 in the hypothalamus ( Figure  6E ). Furthermore, these lines exhibited impaired differentiation into pituitary hormone-producing cells in long-term culture (Supplemental Figure 10, E and F) . These results demonstrated that both heterozygous and homozygous OTX2 defects could be responsible for the impaired pituitary development and supported that the heterozygous OTX2 mutation (R127W) resulted in the patient's phenotype through haploinsufficiency.
The phenotypes of OTX2 WT/insFS -and OTX2 delFS/insFS -iPSCs were similar to that of OTX2 mut -iPSCs; however, there were several differences. Hypothalamic RX protein expression was scarcely observed in OTX2 WT/insFS -and OTX2 delFS/insFS -iPSCs ( Figure 6C and Supplemental Figure 10B ), whereas OTX2 mut -iPSCs retained RX protein expression ( Figure 2B and Supplemental Figure 2C ), indicating that OTX2 WT/insFS -and OTX2 delFS/insFS -iPSCs had a more severe phenotype compared with OTX2 mut -iPSCs. This could be explained by the observation that the function of mutant OTX2 was partially impaired (Figure 1, D and E ). In addition, these results also imply that the threshold level of OTX2 function required for development may be different between hypothalamus and pituitary; pituitary is more sensitive to the loss of function in OTX2.
Discussion
The pathogenesis of CPH remains largely unknown. Even using exome sequencing analysis, gene abnormalities have been identified in fewer than 20% of patients (4) . Furthermore, the underlying mechanisms have not been fully understood because of a lack of a human model. In this study, we established an in vitro disease model of CPH using patient-derived iPSCs. iPSCs derived from the patient harboring mutation in OTX2 retained the potential to differentiate into oral ectoderm (PITX1 + and E-cadherin + ) but exhibited a severely impaired pituitary differentiation. The patient-derived iPSCs exhibited a reduced expression of LHX3 and enhanced apoptosis compared with control-iPSCs during differentiation. In addition, we demonstrated that hypothalamic OTX2 was essential for FGF10 expression and FGF10 played an important role in the expression of LHX3 1 0 jci.org is necessary for the expression of FGF10 in the hypothalamus. FGF10 from hypothalamus stimulates LHX3 expression in the oral ectoderm, which is required for the maintenance of pituitary progenitor cells to prevent apoptosis.
especially when the phenotype was subtle. In these aspects, animal models including knockout mice may be superior; therefore, it is recommended to apply these approaches complementarily. Third, the differentiation protocol still needs to be optimized, because the maturity of ACTH-and GH-producing cells and the differentiation of some lineages, such as TSH-and PRL-producing cells, are not enough. Although these limitations may restrict application for some conditions, we demonstrated the usefulness of this approach as a tool for human cell biology in pituitary development and disease.
In conclusion, we established a human in vitro model for CPH based on patient-derived iPSCs and showed at least a part of the underlying mechanisms by which the mutation in OTX2 caused CPH. This method is a useful tool for studying human pituitary development and disease modeling and for elucidating the underlying mechanisms.
Methods
Endocrinological evaluation. Endocrinological evaluation of pituitary function was performed by the standard method (49) . For the provocative tests, serum levels of ACTH, cortisol, TSH, GH, LH, FSH, and PRL were measured before injection and at 15, 30, 60, 90, and 120 minutes after i.v. administration of 0.25 U insulin/kg, 500 μg TRH, and 100 g GnRH. Basal, peak, and reference values are described in Supplemental Table 1 .
Generation and maintenance of iPSCs. For generation of patientderived iPSCs, OTX2, SOX2, KLF4, L-MYC, LIN28, and carboxy-terminal dominant-negative fragment for p53 were transduced in peripheral blood leukocytes using episomal vectors as previously described (25, 50) . Three healthy subject-derived iPSC lines (201B7, ref. 17; 409B2, ref. 50; and HC06 no. 4, ref. 51) were used in the study for control. Information on iPSCs used in this study is summarized in Supplemental Table 1 . iPSCs were maintained on mitomycin C-treated SNL feeder cells (MSTO) in DMEM/F12 (Sigma-Aldrich) supplemented with 20% (vol/vol) Knockout Serum Replacement (KSR; Thermo Fisher Scientific), 2 mM l-glutamine (Thermo Fisher Scientific), 1× nonessential amino acid (Sigma-Aldrich), 80 μM 2-mercaptoethanol (Sigma-Aldrich), and 7.5 ng/mL basic FGF (Wako).
Exome sequencing and data analysis. Next-generation sequencing using genomic DNA extracted from peripheral leukocytes was performed as previously described (52) . We used the SureSelect All Exon kit (V2 or 50 Mb; Agilent Technologies) to capture whole exomes according to the manufacturer's protocol. The DNA obtained was subjected to paired-end sequencing with an Illumina sequencer (Genome Analyzer IIx or Hiseq; 2 × 75 bp and 2 × 100 bp, respectively). Base calling, read filtering, and demultiplexing were performed with the standard Illumina processing pipeline. We used Burrows Wheeler Aligner (BWA) 0.7.5 to map reads against the human reference genome (NCBI Build 37; hg19) with default settings. Local realignment, quality score recalibration, and variant calling were performed with GATK 3.1-0 using the default settings. We used ANNOVAR for annotation of the called variants. With regard to genes associated with combined pituitary hormone deficiency (4), we only detected a heterozygous mutation in OTX2. The mutation was validated by PCR-directed sequencing.
In vitro induction of pituitary-hypothalamus from iPSCs. Pituitaryhypothalamus induction was done as previously described with some modifications (22) . In brief, after removal of feeder cells using CTK mice exhibited pituitary hypoplasia with enhanced apoptosis (28, 45) . It has been previously reported that OTX2 binds to the promoters of HESX1 and POU1F1, which are expressed in the oral ectoderm and play an important role in its development, suggesting that oral ectodermal OTX2 may also be essential for its development (46) . However, our results demonstrated that not oral ectodermal but hypothalamic OTX2 is essential for pituitary development, by regulating LHX3 expression in the oral ectoderm via FGF10 expression in the hypothalamus. Although LHX3 protein expression was observed in OTX2 mut -iPSCs ( Figure 4H ) by addition of FGF10 into culture media, the oral ectoderm layer was still thin, and the LHX3 mRNA expression was not restored to a level comparable to that of control-iPSCs or OTX2 mut -repaired-iPSCs (Supplemental Figure 11) . Interestingly, on addition of FGF8 accompanied by FGF10, the layer thickness was restored ( Figure 4H and Supplemental Figure 7E ), although FGF8 solely did not restore the LHX3 expression ( Figure 4 , G and H). These data suggested that FGF8 and FGF10 synergistically promote pituitary differentiation and proliferation of oral ectoderm, and inhibit apoptosis. However, long-term treatment with FGF8 and FGF10 could not induce pituitary hormone-producing cells (data not shown). It is speculated that in this protocol, although LHX3 was restored by FGF10, the expression levels were not enough for further differentiation as a possibility. Another possible explanation is that hedgehog signal, as well as FGF signaling, may play a role in the impaired differentiation of OTX2 mut -iPSCs. Although there were no significant differences, GLI1 and GLI2 expression, readouts of SHH signaling, tended to decrease in OTX2 mut -iPSCs (Supplemental Figure 6A ). Because SHH also promotes LHX3 expression (37) , downregulated SHH signaling might additionally impair induction into pituitary hormone-producing cells.
The precise mechanism by which OTX2 regulates FGF expression is still unclear. There have been several reports describing the interaction between OTX2 and FGF in neural tissues (15, 33, 47) . Both positive and negative correlation between OTX2 and FGF has been observed, suggesting that FGF may not be a direct target for OTX2. Interestingly, hypothalamus-specific Otx2-deficient mice exhibited impaired anterior pituitary development, and the importance of FGF signal from hypothalamus has been suggested (15) , which was compatible with the present study. Our results with patient-derived and OTX2-knockout iPSCs demonstrated that OTX2 was required for the expression of FGF8 and FGF10 in the hypothalamus. It has been previously reported that during midbrain development, Otx2 regulates Fgf8 through the Limx1b and Wnt1 pathway (48) . A similar pathway may also play a role in the hypothalamus. Alternatively, a secondary effect of structural abnormalities in the hypothalamus may also play a role.
This approach has several limitations. First, although the tissue develops to the hypothalamus and pituitary simultaneously in this method, it lacks a pituitary portal system that is essential for the appropriate traffic of hypothalamic hormones to the pituitary. These conditions may result in the incomplete differentiation of anterior pituitary cells. Second, the protocol requires several external growth factors and chemicals that are essential for pituitary differentiation, suggesting that these factors may mask developmental deficiencies in iPSCs from some patients. Also, the efficiency of the differentiation may vary depending on the cell lines. Therefore, it is important to interpret the results carefully, jci.org to reverse transcription using ReverTra Ace qPCR RT Kit (TOYOBO). Quantitative PCR was performed with the Step One Plus Real-Time PCR system (Applied Biosystems) or LightCycler (Roche) using SYBR mix Ex Taq II (Takara). The thermal cycling profiles were as follows: initial denaturation at 95°C for 15 minutes, followed by 45 cycles of denaturation at 95°C for 15 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 15 seconds. ACTB was used as an internal control. Each primer sequence used in the experiments is shown in Supplemental Table 3 . All samples were assayed in duplicate.
Western blotting. Aggregates were washed with PBS and lysed in M-PER lysis buffer (Thermo Fisher Scientific) supplemented with cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich). Fifteen micrograms of protein per lane was subjected to SDS-PAGE, and then transferred to a PVDF membrane. The membrane was incubated with primary antibody overnight at 4°C. After incubation with HRP-conjugated secondary antibody for 1 hour at room temperature, signals were visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore). Images were obtained using an Amersham Imager 600 (GE Healthcare Life Science).
FACS. To separate cells derived from oral ectoderm and hypothalamic tissue, 50-100 aggregates were subjected to FACS. After washing of the aggregates twice with PBS, aggregates were dissociated into single cells treated with 5 mM EDTA/HBSS for 10 minutes. Then, cells were filtered using a 100-μm cell strainer and incubated with Alexa Fluor-conjugated antibody against E-cadherin in FACS buffer (2% FBS and 20 mM HEPES in PBS) on ice for 30 minutes. After washing twice with FACS buffer, cells were resuspended in FACS buffer. Cells were filtered with a 100-μm cell strainer again and analyzed on a BD FACSAria III (BD Biosciences). E-cadherin-positive (defined as oral ectoderm tissue) and -negative (hypothalamus tissue) cells were sorted into culture medium and subjected to RNA extraction.
Sequencing analysis. Genomic DNA was extracted from peripheral blood and cultured cells using a NucleoSpin Tissue kit (MACHE-REY-NAGEL). DNA sequence analysis of patient and iPSCs was performed by PCR-directed sequence as previously described (54) . DNA sequence of cells with frameshift mutation ( Figure 6A ) was determined after cloning into the pCR2.1 vector with TA cloning (Thermo Fisher Scientific).
Analysis of ACTH and GH secretion. Six aggregates were cultured in 1 mL of gfCDM with or without 1 μg/mL CRH (Mitsubishi Tanabe Pharma) or GHRH (Sumitomo Dainippon Pharma). After 24 hours of incubation, culture medium was sampled, and concentration of ACTH and GH was determined by electrochemiluminescence immunoassay (ECLIA) using an Elecsys human ACTH kit and an Elecsys human GH kit (Roche Diagnostics), respectively.
CRISPR/Cas9 genome editing and screening of off-target mutation. Single guide RNA (sgRNA) sequences were designed using the Zhang laboratory CRISPR design tool (http://crispr.mit.edu; no longer available), and single-stranded oligodeoxynucleotide (ssODN) sequence was designed using the Edit-R HDR donor designer tool by Dharmacon (https://horizondiscovery.com/en/products/tools/Edit-R-HDR-Donor-Designer-oligo). Sequences of sgRNA and ssODN are listed in Supplemental Table 4 . To improve the efficiency of homologous recombination, synonymous mutation was included in ssODN sequence as previously described (55) . iPSCs were transfected with Cas9-and sgRNA-expressing plasmid (pX458 or pX459, Addgene plasmids 48138 and 62988) and ssODN using Lipofectamine Stem solution (0.25% trypsin [Invitrogen], 0.1 mg/mL collagenase type IV [Invitrogen], 10 mM CaCl2 [Nacalai Tesque], and 20% KSR in PBS), iPSCs were dissociated into single cells using Accutase (Nacalai Tesque). Then, 10,000 cells were plated in each well of a V-bottom low-attachment 96-well plate (Sumitomo Bakelite) in growth factor-free chemically defined medium (gfCDM) (53) supplemented with 10% (vol/vol) of KSR. From day 0 to day 3, 20 μM Y-27632 (Wako) and 100 nM LDN-193189 (Stemgent) were added. From day 6, 5 nM BMP4 (R&D Systems) and 2 μM SAG (Cayman Chemical) were added. From day 18, BMP4 was withdrawn and aggregates were maintained under the high-O 2 condition (40%). From day 30, aggregates were cultured in gfCDM supplemented with 20% (vol/vol) KSR. Induction into pituitary progenitor cells (LHX3 + ) was evaluated at day 40. Induction into pituitary hormone-producing cells and ability to secrete these hormones were evaluated at day 100. The FGF receptor inhibitor PD-173074 and recombinant human FGF8 and FGF10 were obtained from Millipore and R&D Systems, respectively. Hypothalamus area, indicated by "H" in the figures, was defined as RX + area in the aggregates. Oral ectoderm area, indicated by "O," was defined as E-cadherin + area outside of the aggregates.
Chimera culture experiment using GFP-labeled control-iPSCs. GFP-labeled iPSCs were generated with pHULK piggyBack Mammalian Expression Vector containing CometGFP and puromycin-resistant gene (ATUM). After selection with puromycin, a GFP + clone was used. For induction culture, 5000 cells of GFP-labeled control-iPSCs no. 1 and 5000 cells of OTX2 mut -iPSCs no. 1 were mixed at day 0 and analyzed at day 40.
To exclude the possibility that the GFP gene undergoes gene silencing in GFP-labeled iPSCs, we induced only from GFP-labeled control-iPSCs no. 1. Immunostaining revealed that all cells in the aggregates retained GFP expression, except for the necrotic area in the center of the aggregates, indicating that gene silencing did not occur (Supplemental Figure 5 , B and C).
Plasmid construction for OTX2 expression. OTX2 cDNA was cloned from iPSC-derived hypothalamus-pituitary tissue. OTX2 isoform b was expressed in iPSC-derived hypothalamus-pituitary. Then OTX2 cDNA was inserted into pc.DNA3.1D/V5-His (Thermo Fisher Scientific). The mutant OTX2 cDNA was created by site-directed mutagenesis using an overlapping PCR method. Wild-type and mutant OTX2 expression plasmid was transfected into HEK293T cells (obtained from ATCC) using X-tremeGENE HP DNA Transfection Reagent (Sigma-Aldrich) according to the manufacturer's instruction.
Immunostaining. Aggregates or cells were fixed with 4% paraformaldehyde for 15-30 minutes at room temperature. After overnight incubation in 20% sucrose, aggregates were embedded in OCT compound (Sakura Finetek) and frozen. Then, samples were cryosectioned at 8-10 μm thickness. After permeabilization with 0.3% Triton X-100, slides were incubated with primary antibodies overnight at 4°C, washed, and incubated with secondary antibody for 2 hours at room temperature. The primary antibodies used in this study are summarized in Supplemental Table 2 . Secondary antibodies were species-specific Alexa Fluor conjugates (Thermo Fisher Scientific). Fluorescence images were obtained using a BZ-X700 microscope (Keyence) or LSM700 confocal microscopy (Zeiss).
Quantitative RT-PCR. Total RNA was extracted from 6-8 aggregates using an RNeasy Mini kit (Qiagen). For RNA extraction from a small number of FACS-sorted cells, TRIzol Reagent and Phasemaker Tubes (Thermo Fisher Scientific) were used. Total RNA was subjected
